[1] Landslides dynamics prediction remains difficult in spite of a considerable number of studies. The runout distance is widely used in analysis of landslide dynamics and in the calibration of the rheological parameters involved in numerical modeling. However, the unknown impact of the significant uncertainty in the shape of the initial released mass on the runout distance and on the overall shape of the deposit raises questions about the relevance of these approaches. The impact of the initial scar geometry on flow and distribution of the deposits is studied here using satellite data and numerical modeling of theoretical landslides, and Martian landslides informed by geomorphological analysis, by varying the initial scar geometry from spoon-shaped to steep wall geometry. Our results show that the runout distance is a very robust parameter that is only slightly affected by the change in the geometry of the initial scar. On the contrary, the lateral extent of the deposit is shown to be controlled by the scar geometry, providing unique insights into the initial landsliding conditions on Mars and makes it possible to accurately recover the volume initially involved, an essential ingredient for volume balance calculation. A feedback analysis of Valles Marineris landslides can be drawn, showing good agreement between numerical results and geomorphological analysis; the geometry of the initial scar inferred from numerical modeling is strongly correlated with the regional tectonic history in Valles Marineris area.
Introduction
[2] Landslides, debris flows and avalanches sculpt the surface morphology on Earth as well as on other planets. They constitute one of the most efficient weathering processes currently active on Mars [Malin et al., 2006; Schorghofer et al., 2007] . On Earth, mass failure results in the destruction of human lives and infrastructures.
[3] Many studies have been carried out to understand the mechanics of landslides. Experimental and numerical modeling of granular flows have provided some clues through the development of scaling laws and theoretical models to quantify landslide dynamics and the morphology of their deposits [e.g., Voellmy, 1955; Cruden and Hungr, 1986; Savage and Hutter, 1989; Hungr, 1995; Cruden and Varnes, 1996; Iverson, 1997; Dade and Huppert, 1998; Pouliquen, 1999; Legros, 2002; Kerswell, 2005; Roche et al., 2004; Mangeney-Castelnau et al., 2003; Félix and Thomas, 2004; Mangeney-Castelnau et al., 2005; Phillips et al., 2006; Pirulli et al., 2007; Pudasaini and Hutter, 2007; Mangeney et al., 2007a; Hungr, 2008] . Whereas laboratory experiments have helped in identifying rheological properties and establishing scaling laws relating the deposit and the flow dynamics [Pouliquen, 1999; Pouliquen and Forterre, 2002; Lube et al., 2004; Lajeunesse et al., 2004; Siavoshi and Kudrolli, 2005; Phillips et al., 2006; Pudasaini and Hutter, 2007; Mangeney et al., 2010] , numerical modeling have been useful to extrapolate and apply these rheological properties to field observations as well as to provide insight into the parameters involved in the observed scaling laws Mangeney-Castelnau et al., 2005; Kerswell, 2005; Hogg, 2008; Mangeney et al., 2007a Mangeney et al., , 2007b Lacaze et al., 2008; Favreau et al., 2010; Mangold et al., 2010] .
[4] Landslide dynamics strongly depend on the underlying topography, on the geometry and volume of the released mass, on the nature and mechanical behavior of the flowing material [e.g., Hungr, 1995; Iverson, 2001, 2004; Harrison and Grimm, 2003; Mangeney-Castelnau et al., 2003 , 2005 Pudasaini and Hutter, 2007; Sosio et al., 2008; Favreau et al., 2010] . However, none of these parameters are well constrained. The runout distance, i.e., the maximum distance reached by the landslide, has been extensively used to calibrate friction coefficients in numerical models of landslide dynamics [e.g., Pirulli and Mangeney, 2008] and to establish scaling laws relating the morphometry of the deposit to the initial characteristics of the released mass [Lube et al., 2004; Lajeunesse et al., 2004; Mangeney-Castelnau et al., 2005; Mangeney et al., 2010] . In particular, the so-called mobility of landslide is calculated using measurements of the runout distance [e.g., Legros, 2002; .
[5] When comparing experimental and numerical results with field data, the question however remains as to whether the runout distance of real landslides depends on the geometry of the initial scar that is difficult to measure in the field due to erosion and insufficient accuracy of the available topography data. The upper surface of the released mass can be reconstructed through extrapolation of the relief surrounding the scar. On the contrary, the bottom of the scar is generally hidden by the landslide deposits or eroded by subsequent events. What is the effect of the uncertainty on initial scar geometry on the calibration of rheological parameters in numerical models? Does it change the scaling laws relating the characteristics of the deposit to the initial conditions?
[6] The unknown geometry of the scar bottom makes it difficult to assess the initial volume of the released mass on Martian as well as on terrestrial landslides. The volume involved in landsliding is, however, a crucial input in numerical models and in the calculation of global mass balance in areas subjected to mass wasting. Furthermore, the difference in volume between the initial (pre-failure) and final mass (post-failure) has been used to draw conclusions about the emplacement processes on Mars. For example, Quantin et al. [2004] found a decrease in volume between the initial released mass and the final deposit for the about 50 landslides observed in Valles Marineris on Mars and inferred the presence of thermokarst, implying lenses of ice in the initial rock. On the contrary, Sato et al. [2007] found an increase in volume using the same data set. These opposite conclusions show the large uncertainty in volume calculation which, in these examples, is greater than the difference between the initial and the final volume, excluding any realistic mass balance calculations and thus interpretation on initial conditions. [7] There are very few data on natural landslides that can help clarify these questions. The main issue is to find several landslides in the same geological context but with different initial conditions. Actually, the difference in the topography and in the material involved in various places on Earth hides the potential effect of the initial scar geometry on landslide dynamics and deposits. In this respect, the landslides (about fifty) observed in exploration probe imagery of Valles Marineris on Mars provide a unique paradigm to study the effect of initial scar geometry [Lucchitta, 1978 [Lucchitta, , 1979 [Lucchitta, , 1987 . The topography is quite simple and homogeneous all along the valley; landslides are generated by mass failure in the canyon wall and the debris flow over almost flat bedrock. The deposits are easily identified through satellite data analysis due to the small erosion rate and the absence of vegetation. Furthermore, the data resolution on Mars is high enough in comparison to the size of the events.
[8] Landsliding in Valles Marineris has important implications for climatic and hydrologic conditions. Triggering mechanisms and emplacement processes have been debated based on geomorphological, experimental and numerical studies [Lucchitta, 1979 [Lucchitta, , 1987 McEwen, 1989; Shaller, 1991; Legros, 2002; Harrison and Grimm, 2003; Quantin et al., 2004; Soukhovitskaya and Manga, 2006; . Some studies have argued in favor of hydrated conditions for landsliding to occur [Lucchitta, 1978 [Lucchitta, , 1979 [Lucchitta, , 1987 Shaller et al., 1989] , whereas others argue in dry conditions [McEwen, 1989; Soukhovitskaya and Manga, 2006; Lajeunesse et al., 2006] . In any case, several studies have shown a very high mobility of Martian landslides [Lucchitta, 1979 [Lucchitta, , 1987 Lucchitta et al., 1992; Melosh 1979; Shaller, 1991; Legros, 2002; Harrison and Grimm, 2003; Quantin et al., 2004; .
[9] The question here is to assess if the uncertainty in scar geometry can challenge or support the previous conclusions on volume change between initial state and final deposits and on the high mobility of Valles Marineris landslides. This issue is addressed using satellite data imagery and numerical modeling of granular flows over complex topography.
[10] After a brief description of the numerical model used in this study in section 2, estimation of the effect of initial scar geometry on the dynamics and deposits of granular flows as well as on volume estimation is performed on theoretical 2-D and 3-D geometry (section 3). Finally, in section 4 simulations of four Martian landslides are performed and the effect of the uncertainty in the initial scar geometry on landslide dynamics and mobility is discussed in relation to the local geological context, in particular to challenge previous conclusions regarding landslide emplacement mechanisms.
Numerical Model Description
[11] Simulation is performed using the numerical model SHALTOP developed through a collaboration between Département de Mathématiques et Applications (DMA), École Normale Supérieure (ENS, Paris), and Institut de Physique du Globe de Paris (IPGP). SHALTOP describes granular flows over complex 3-D topography Bouchut and Westdickenberg, 2004; MangeneyCastelnau et al., 2005; Mangeney et al., 2007a] . The model is based on the depth-averaged thin layer approximation (i.e., the flow is supposed to be thin compared to its length) and takes into account a Coulomb-type friction law following the pioneering approach of Savage and Hutter [1989] . It describes the change in time of the thickness h(x, y) and of the depth-averaged velocity of the flow u(x, y) along the topography. Contrary to most of the models used in geophysics, this model deals with the full tensor of terrain curvature that appears in the momentum equations when the asymptotic development is rigorously handled. The equations solved in the model are detailed in the Appendix A.
[12] Debris avalanche is treated here as a single-phase, dry granular flow with Coulomb-type behavior, involving a friction coefficient m (see Appendix A for details on the friction force). The friction coefficient is here supposed to be constant, i.e., Coulomb friction law:
where d is the constant friction angle. A more complex flow rule is also implemented in this model (also known as Pouliquen law) involving a friction coefficient m(h, u)
widely used in applied physics (see Appendix A and D). Although this law has been successful in reproducing experimental granular flows and some natural landslides [e.g., Pouliquen and Forterre, 2002; Mangeney et al., 2007a; Pirulli and Mangeney, 2008; Mangold et al., 2010] , its use is difficult because of the high number of involved empirical parameters. In contrast, the Coulomb friction law only involves one empirical parameter, the friction angle d, making the use of this law very simple as no constitutive equations are currently available for granular media.
[13] The relevance of thin-layer modeling using a Coulomb friction law to describe granular collapse has been previously tested by comparing SHALTOP with discrete element simulations and experiments on the collapse of granular columns over an horizontal plane by varying the initial aspect ratio of the granular column [Mangeney-Castelnau et al., 2005; Mangeney et al., 2006] . The main result is that depth-averaged models fail to reproduce the dynamics of granular spreading if the aspect ratio of the initial released mass is greater than about 1. In that case, vertical acceleration has to be included in the model. Nevertheless, for natural landslides considered here the initial aspect ratio ranges from a = 0.42 to a = 0.51 (see Table 1 ) so that the thin layer approach is appropriate for our study.
[14] Moreover, SHALTOP can successfully reproduce the dynamics and the deposits shape of granular avalanches across irregular three-dimensional terrain [Lucas et al., 2008] after experimental tests performed by Iverson et al. [2004] . This model has been also able to reproduce selfchanneling flows over an inclined bed with levees formations [Mangeney et al., 2007a] , as well as natural landslides Lucas et al., 2008; Kuo et al., 2009; Mangold et al., 2010] . Furthermore, Favreau et al. [2010] have shown that SHALTOP is able to reproduce complex time-dependent basal stress fields applied on top of a complex terrain by comparing actual seismic records with the simulated seismic waves calculated from the "landslide source" obtained with the model SHALTOP. This last study also showed that curvature effects play a major role in this stress field and therefore in landslide dynamics.
Theoretical Flow and Scar Geometries
[15] Simple synthetic topography has been used to assess the influence of the initial scar geometry on granular flow dynamics and deposits without dealing with the full natural complexity.
2-D Granular Flow
[16] Slumping of a 2-D granular mass is investigated here. Three initial scar geometries are defined: the parabolic scar, an inclined scar made of an inclined plane followed by an horizontal plane, and a box-like scar with a vertical wall and horizontal floor (see Figures 1a, 1b, and 1c, respectively) . The "box" geometry corresponds to the release of a rect- 4.9 ± 0.3 9.9 ± 0.8 0.49 ± 0.14 35.5 ± 2 --Ganges 3 3.6 ± 0.4 6.8 ± 0.8 0.52 ± 0.22
the final runout length, and H f is the estimated difference between the highest point of deposits lying on the scar and the deepest point below the deposits inside the scar. The friction angle d is the optimal one found in simulations. Uncertainties are calculated from resolution of the data and estimated errors involved in interpretation.
b The upper group corresponds to simulated landslides in this study. The bottom group contains other examples taken at different areas on which topographic reconstruction has not been performed. d North Coprates is mentioned in Figure 9 and East Ius is mentioned in Figure 6 . angular column of granular material over an horizontal or inclined plane, similar to the setting of recent laboratory experiments and numerical studies [e.g., Hogg, 2008; Hungr, 2008; Mangeney et al., 2010] . The parabolic geometry is generally assumed for natural scars and the inclined scar geometry lies in between the two others.
[17] The characteristic dimensions of the scars are of the order of the natural scars of Martian landslides (H i ' 3 km). The initial aspect ratio varies from 0.16 to 0.89 and the volume of the initial released mass is V box = 204 km 3 , V inclined = 168 km 3 (0.8 × V box ), and V parabolic = 135 km 3 (0.66 × V box ), for the wall, inclined and parabolic like scar geometry, respectively. Indeed, changing the scar geometry while keeping the upper surface of the released mass constant, induces a change in the released volume. The geometry of the upper surface of the granular mass has been shown to change the runout distance reached by the mass for granular collapse over an horizontal plane [see Mangeney-Castelnau et al., 2005, Figure 8 ]. However, in natural landslides the surface geometry of the released mass is quite well constrained by the lateral borders of the apparent scar and by the surrounding topography so that it is kept constant in this sensitivity study (see section 4.2.2).
[18] Using an analytical solution of the granular dambreak problem [Mangeney et al., 2000] and experimental results, and Mangeney et al. [2010] suggest a simple relation linking the normalized runout distance to the initial aspect ratio of the released mass:
where L i is the initial length of the rectangular released mass, the initial aspect ratio defined as a = H i /L i , is the mean slope angle of the bottom topography, DL = Ł f − L i is the runout and g ' 1 is an empirical parameter.
[19] Figure 2a shows the relation between normalized runout DL/L i and initial aspect ratio a for a range of friction angles d 2 [6°, 30°] using the 3 different geometries. Our simulations show that the linear relation (2) between the normalized runout distance and the initial aspect ratio is still observed for all tested geometries of the initial scar and for all considered friction angles. As the friction angle gets smaller, slight changes of the runout distance are observed when the geometry of the initial scar changes. The maximum difference in the simulated runout is about 7%, obtained with d = 6°and a = 0.72. Surprisingly, the runout distance is almost insensitive to the geometry of the initial scar. As a result, the runout distance is shown to be a very robust parameter. This strong result could be related to what is observed in the analytical solution for dam-break granular problem [Mangeney et al., 2000; Kerswell, 2005; Hogg, 2008] . Actually, analytical solutions of hyperbolic equations for thin granular flows show that the perturbation of the flow behind the front never reaches the moving front. The changes in the flow induced by the scar geometry located behind the front is then expected not to catch up with the front and thus will not affect the runout distance.
[20] The mean thickness is calculated here by taking into account the deposit from the initial position of the front (noted x 0 in Figure 1 ), to the final runout distance. In this manner, we only compare parts of the deposit under which the geometries are the same for each case.
[21] Figure 2b presents the normalized averaged thickness (calculated at x o ) as a function of the initial aspect ratio a for a range of friction angle d 2 [6°, 30°] using the 3 different geometries. Obviously, the lower the friction angle, the thinner the final deposit due to increasing runout distance. This mean thickness of the deposit is more affected than the runout distance by the change in the initial scar geometry. For d = 6°, the initial scar geometry only slightly affect the mean thickness of the deposits. More sensitivity of the mean thickness of the deposit to the scar geometry is observed for
The effect of the initial scar geometry on the mean thickness of the deposit is stronger when the aspect ratio of the granular mass increases. The mean deposit thickness appears to be smaller for the wall scar geometry than for the parabolic scar whereas the released volume is bigger for the wall scar case. Most of the volume excess in this latter case remains within the source area. Indeed, the downslope gravity acceleration is greater for a parabolic scar than for the wall scar for which gravity acceleration along the scar bottom is equal to zero.
3-D Granular Flows
[22] Unconfined tests are now performed in order to investigate the influence of the initial geometry of the scar on the 3-D deposit shape and particularly on the lateral spreading.
[23] Three schematic scar geometries are considered (Figures 3a-3c ). The first geometry (S 1 ) involves a conic scar with rounded lateral walls hereafter called spoonseated. The third geometry (S 3 ) corresponds to a cylindric scar with steep lateral walls, called deep-seated whereas the second geometry (S 2 ) lies in between the two others. The characteristic dimensions of the scar are of the same order of magnitude of those of Martian landslides (H i = 3 km and 0.3 km < L i < 0.66 km). Obviously, the volume of the initial mass changes with the shape of the scar geometry. The wall-like scar implies a volume about 28% larger (V 3 = 172.8 km 3 ) than for the parabolic scar (V 1 = 135 km 3 ), while the second scar geometry involves a volume 15% larger (V 2 = 155.25 km 3 ) than the parabolic scar. For the three geometries, the wall edges on both sides of the scar have been smoothed using a parabolic equation in order to avoid numerical problems that would result from sharp variations of the topography.
[24] Scaling laws obtained for 3-D tests are shown in Figure 4 . Normalized runout as a function of the initial aspect ratio with friction angles d = [12°, 2°] confirms the 2-D results. The runout distance is only weakly affected by the difference in the initial scar geometry (Figure 4a ). The observed runouts for S 3 and S 2 is only '13% greater than the runout simulated using the scar geometry S 1 . This is an important result suggesting that the usual way of fitting friction coefficients on runout distance is quite reasonable even if the initial scar geometry is not well known. Indeed, by increasing the friction angle d by 0.8°for the scar geometry S 1 is enough to simulate the same runout distance as that calculated with S 2 and S 3 . In other words, the errors in the definition of the scar geometry will generate an error of 1°on the friction angle obtained by backanalysis of the runout distance.
[25] Moreover, the normalized deposit area is also marginally affected by the shape of the scar and seems to only depend on the friction angle and initial aspect ration ( Figure 4b ). On the other hand, the maximum width and therefore the overall shape of the deposit are clearly controlled by the scar geometry ( Figure 4c ).
[26] As suggested by equation (2), decreasing the friction angle will act in a quite similar way as increasing the slope of the bottom topography, especially for small slope and friction angles where tan ' , for = d, . [27] As a result, in this range of inclination and friction angles, considering a flat topography leads to an error in the friction angle obtained by back analysis of the observed deposit, almost equal to the real slope angle, here 2°. As already suggested by , topography effects (slope of the bottom topography and scar [28] Interestingly the thickness profile taken at the middle of the deposits, i.e. in the main flow direction, is also only slightly affected by the shape of the scar ( Figure 5 ).
[29] In contrast, the lateral extent of the deposit is strongly dependent on the scar geometry, ranging from a lobe shape for the parabolic scar to an arrow-like shape for the wall scar. The excess in volume from S 1 to S 3 seems to be distributed mainly in the lateral direction (i.e., perpendicular to the flow direction and to the steepest slope). The lateral extent of the deposit gets closer to the value of the runout distance as the scar geometry gets steeper and deeper. These results show that information on the shape of the initial scar geometry and thus on the initial volume involved can be deduced from the observation of the deposit shape.
[30] Moreover, the different deposit shapes (ranging from a lobe to an arrow-like shape) observed in these theoretical simulations correspond to the deposit shapes of Martian landslides ( Figure 6 ). Note that similarly to what has been observed in 2-D, the upper part of the scar is more exposed for a smooth parabolic scar than for a wall scar (compare Figures 6 and B1 in Appendix B). For natural cases, this feature is difficult to observe as slight variations of friction angle as well as Toreva blocks (a distinctive feature observed upstream of some landslides deposits [Reiche, 1937; Kelfoun and Druitt, 2005] ) could influence the degree of scar exposure.
[31] In addition, our simulations suggest that parabolic scars will be drained more efficiently during slumping than deep-seated scars and thus less covered by landslide deposits. This is consistent with the observation showing that landslides with smooth scars are expected to reveal a significant portion of the upper part of their scar.
[32] As a result, the 3-D landslide deposit shapes observed on Mars (e.g., in the Valles Marineris area) might carry the signature of the shape of the initial scar geometry, possibly related to different triggering mechanisms, as will be discussed in detail in the following section.
Application to Martian Landslides

Landslides and Geological Context
[33] The four Martian landslides studied here ( for the three scar geometry tested S 1 , S 2 , and S 3 . Arrows indicate the runout for each case. troughs (chasmata) cutting a thinly stratified plateau of probable volcanic composition [McEwen, 1989; Christensen et al., 2003] . The similar lithology and geologic setting of the investigated landslides minimizes the influence of local geological peculiarities on flow dynamics and deposits. These landslides (Coprates Chasma, Ius Chasma, Ophir Chasma, and Ganges Chasma) have been selected because of their easily identifiable deposits. In addition, no topographic obstructions are seen to have interfered with the runout of the landslides.
[34] Actually in contrary to most observed landslides, the landslides in Coprates Chasma, Ophir Chasma and Ganges Chasma, do not reach the opposite wall within the valley (Figures 8a, 8c , and 8d). Ius Chasma is deviated by topography barriers (Figure 8b ). All these landslides are the result of slope failure in the canyon wall, generating mass flow along the canyon floor, down a gentle slope of a few degrees (typically ∼2°). As shown by Peulvast et al. [2001] , some areas in Valles Marineris are clearly controlled by normal faulting whereas some others do not present evi- dence of tectonic control. Two landslides in each context, i.e. Coprates and Ius Chasma in the normal faulting context and Ophir and Ganges Chasma in the other context, have been studied here and are detailed below. Quantitative information estimated from satellite imagery on the length L i and thickness H i of the initial released mass, on the deposit area A f , and on the runout distance DL (i.e. maximum distance of the deposit front from the source area) are given for each landslide:
[35] 1. The Coprates Chasma landslide is located at 67°W and 12°S (Figure 8a ). Coprates Chasma is a 5 ± 0.2 km deep graben, and landsliding occurred at the expense of a horst [Schultz, 1991; Peulvast and Masson, 1993; Mège and Masson, 1996; Peulvast et al., 2001] . Runout length is DL = 49 km and the surface area covered by the landslide material is A f = 2300 km 2 . The initial height of the involved mass is estimated to be H i = 4.4 ± 0.5 km and the initial length L i = 10.5 ± 1.2 km, resulting in an initial aspect ratio a = H i /L i = 0.42 (see Table 1 ). The landslide deposit includes a Toreva block (noted TB) and debris aprons (noted DA) downstream (Figure 9 ). Reiche [1937] proposed that Toreva blocks may occur when a stronger material overlies a weaker material, a hypothesis difficult to check in the Martian context [Bigot-Cormier and Montgomery, 2007] . Due to the presence of these Toreva blocks, the shape of the bottom scar is hidden. The chasma floor displays thinly stratified infilling (Figure 10 ) whose erosional patterns suggest a weaker lithology than the plateau material [e.g., Peulvast and Masson, 1993] . The floor on the eastern side of the debris aprons displays repeated bands of alternating reflectance (Figure 10 ) that are especially well displayed on THEMIS thermal infrared imagery (see section 4.2.1). These layers may either consist of moraines deposited along the path of a former valley glacier, or gently folded, stratified floor material with a fold axis parallel to the graben trend.
[36] 2. The Ius Chasma landslide occurred in the Ius trough (86°W and 5°S) which is bounded by fault-controlled walls with straight and well-aligned trend, similar to Coprates Chasma [Peulvast et al., 2001] (Figure 8b ). The Ius landslide runout distance does not exceed DL = 50 km but the deposits overlay the opposite wallslope, making this value shorter than it would have been without topographic confinement. A diversion of the flow toward the east is observed probably due to the fact that the apron reached the opposite wallslope. The deposits area is estimated to A f = 1520 km 2 . The initial height of the involved mass is estimated to be H i = 5.8 ± 0.4 km and the initial length L i = 12.9 ± 0.6 km; i.e., an aspect ratio a = 0.45 (Table 1) .
[37] 3. Ophir Chasma is located in the northern part of the central region of Valles Marineris (72°W and 3°S) (Figure 8c ). The wallslopes of this chasma present less evidence of faulting than Ius and Coprates chasmata. The studied landslide shows a runout length of 45.5 ± 0.2 km with a deposit area of 1 330 km 2 . The initial height of the involved mass is about H i = 4.9 ± 0.2 km and the initial length L i = 10.8 ± 0.3 km, i.e. an aspect ratio a = 0.45 (Table 1) [38] 4. The Ganges Chasma landslide is located at 45°W and 8°S (Figure 8d ). Ganges trough is shallow and shows smoother wallslopes without a clear structural trend. Runout length reaches 48.8 km and the deposit surface area is 1 670 km 2 . The initial height of the involved mass is about H i = 3.7 ± 0.4 km and the initial length L i = 7.2 ± 0.8 km, i.e., an aspect ratio a = 0.51 (Table 1 ). The upper part of the scar is clearly more open-ended than those of Ius and Coprates landslides and does not appear to be faultcontrolled (Figure 8d ). Like Coprates, the Ganges landslide has Toreva blocks, making the failure geometry slightly harder to reconstruct.
[39] Each example here is treated as a single-event as we consider one event for one scar. This point is discussed in section 4.3.
[40] For all the landslides, the morphology of the chasma walls prior to landslide failure has been described as spursand-gullies. This morphology may form under a variety of possible conditions [Lucchitta et al., 1992] . Locally, triangular faceted spurs are observed on the horst slope, whose lowest part is occupied by a weathered continuous fault scarp (see Figure 9 and Peulvast et al. [2001] ).
Data and Processing
[41] For mass balance calculations between initial mass failure and final deposits as well as for inputs in numerical modeling, the topography before the landslide, the initial scar geometry and the shape of the initial released mass have to be reconstructed from the observations (Figure 11 ). Satellite data are used here to identify the landslide deposits (visible and infra-red imagery data) and to reconstruct Digital Topography Models (DTM) of the pre-failure and post-failure topography as well as of the initial scar geom- etry of the released mass (laser topography data and stereo imagery).
[42] During the last decade, US and European Martian missions brought back an abundance of new data of high spatial precision. The Martian landslides are larger than similar landslides on Earth; in proportion, their topography is known with a precision which is in the same range as the one of the terrestrial landslides. [43] All the data (images and DTM) have been processed using the Integrated Software for Imagers and Spectrometers (ISIS-3) from USGS [Torson and Becker, 1997; Anderson et al., 2004] , and integrated in a georeferencing/mapping/ digitizing package. ISIS makes it possible to correct data from instrument spice kernels (containing position, velocity and orientation of the satellite and camera regarding to the ground) and to relocate all the data in the same reference frame. Geomorphological analysis was done using a GIS package.
Deposit Identification
[44] Visible imagery is used to distinguish between landslide deposits and the surrounding floor (Figure 8 ). When visible imagery is not clear enough, infra-red (IR) imagery is used (see also Figure C1 in Appendix C). Actually, IR data retrieves information on surface temperature at day or night. In day time image, the temperature is mainly dependent on the topography and albedo. In contrast, in nighttime data, the temperature largely depends on the thermal inertia of the surface (within the first meter). Therefore, information on nighttime data is mainly dependent on grain size and degree of induration providing indicators of surface properties used here to discriminate landslide deposits from the surrounding floor.
[45] We used here Mars Observer Camera (MOC) images with resolution of 2-5 m/pixel [Malin and Edgett, 2000] , Thermal Emission Imaging System (THEMIS) visible images (18 m/pixel) and IR images (100 m/pixel) from the Mars Odyssey (MO) probe [Christensen et al., 2003] and High Resolution Stereo Camera (HRSC) images with resolution of 50 m/pixel from Mars Express probe [Neukum et al., 2000] THEMIS data are acquired in five spectral channels for the visible camera (from 0.4 to 0.6 mm) and in ten channels for the IR camera (from 6 to 14 mm).
DTM Reconstruction
[46] Digital Topography Model (DTM) has been reconstructed using the topography data from Mars Observer Laser Altimeter (MOLA) of Mars Global Surveyor (MGS) that provides global altimetric profiles called Precision Experiment Data Records (PEDRs). While interpolated grid are available (gridded at 1/128th of a degree grid, named MEGDR, Mission Experiment Gridded Data Records) [Smith and Zuber, 1999] , with an accuracy of 463 m/pixel in the vicinity of the equator (which is the case for all the studied landslides), we used a kriging method on the PEDR products in order to get a gridded DTM with less artifacts. The High Resolution Stereo Camera (HRSC) onboard Mars Express (MeX) provides DTMs with 125 m/pixel accuracy but were only available for the Ius landslide at the time of this study. HiRISE imagery, providing extracted DTM by stereoscopy with accuracy down to 1 m/pixel locally were not available at the time of the present study. In addition, HiRISE footprints were too small and thus not appropriate for our purpose. DTM extraction from CTX images were also not available at the time of this study.
[47] The reconstruction of the released mass and of the pre-event topography has been performed following a fourstep pipeline:
[48] 1. Deposit removal. The extent of the deposits, as identified using imagery, is used as a mask in the altimetric grid provided by MOLA. After estimating the thickness of the deposit from the topography data, contour lines are edited, using the digitizing package previously mentioned, and used to manually withdraw the deposit. This method has Figure 11a , profile 2 corresponds to the pre-event topography in Figure 11b , profile 3 corresponds to the deep-seated scar geometry in Figure 11c , and profile 4 corresponds to the spoon-shaped scar geometry (not shown above). been shown to provide much more realistic and smooth results than any mathematical calculation based on minimization or interpolation of theoretical topographic surface [Cressie, 1990] . However the resulting altimetric data does not fit a regular grid. In order to obtain a regular grid without spurious artifacts, a condition required for numerical modeling, the altimetric information has been interpolated with a kriging algorithm [Cressie, 1990; Stein et al., 1999] . The kriging method makes it possible to take the spatial position and the spatial variability of the information into account. In our case, this method provided minimal interpolation bias with respect to others classical interpolation methods (e.g., bilinear, bicubic).
[49] 2. Initial mass reconstruction. The upper surface of the released mass prior to landsliding can be inferred from the horst morphology on both sides of the landslide scar so as to mimic the wallslopes of each sides of the scar (Figure 9) . Then, the second order morphological features shown in Figure 9 are added to the contour lines by extrapolating the spur-and-gully morphology currently observed along the wallslopes that are adjacent to the landslide area (Figure 11b ). Thanks to MOLA, spur-and-gully morphology involve roughly 15% of the wallslope's volume.
[50] 3. Reconstruction of the scar shape, also obtained by editing the contour lines, is the critical step of the method as constraints on scar geometry are poor due to the deposit cover. The visible upper part of the scar is either gently curved (Ophir and Ganges) or steep (Coprates and Ius). For the first group, the degrees of freedom for reconstruction of the shape of the bottom scar are fewer than for the second group because the curve of the scar can simply be interpolated in the masked areas. Two end-member geometries are considered here: the spoon-seated scar (which mimics the S 1 scar in our 3-D tests in section 3.2 and Figure 3a) and the deep-seated scar (corresponding to the S 3 scar, see section 3.2 and Figure 3c ), as shown for example for the Coprates landslide in Figure 11d (profiles 3 and 4, respectively). The geometry of the deep-seated scar is more likely to be planar than curved.
[51] 4. Refinement of the DTM grid. The DTM of the preslide geometry and of the initial released mass have the same spatial resolution as the initial data grid (e.g., for MOLA spatial resolution is ∼463 m/pixel). Note that by comparison, MOLA resolution allows us to describe each landslide with hundreds of points in the runout distance, which is in the same order of magnitude of numerous terrestrial examples [Kelfoun and Druitt, 2005; Pirulli and Mangeney, 2008; Sosio et al., 2008] . However, landslide modeling requires a finer grid, so artificial refining of the mesh has been performed by interpolating the altimetric grid using the kriging method. Low-pass filtering is performed in order to minimize artificial oscillations in the resulting grid (Figure 11c) .
[52] The spatial resolution has been chosen based on simulation of the analytical solution for dam-break granular flows developed by Mangeney et al. [2000] , with characteristic dimensions of the granular dam similar to those of Martian landslides. The second order numerical scheme implemented in SHALTOP has made possible a space step dx = 130 m over a grid of typically 1100 × 1100 points, which accurately reproduces the resolution of the analytical solution. This spatial resolution was obtained with the MOLA DTM; for the Ius Chasma landslide, where the HRSC-derived DTM is available, dx = 80 m, could be obtained.
[53] For volume calculation (initial and final mass of the landslide), the Simpson's rule for numerical integration was used for a better accurate results in numerical integration compared to simple numerical integration (see Press et al. [1988] for further details).
Frictional Properties of Martian Landslides
[54] As it has been shown previously in the theoretical tests, the runout distance is a very robust parameter that is only poorly affected by the uncertainty on scar geometry. For this reason, the friction angles d retained here are the ones for which the observed runout distances are reached numerically. The resulting values of the fitted friction angles d obtained using Coulomb friction law for the four landslides are displayed in Table 2 . The calibrated friction angle ranges in d 2 [7.2°, 9.8°], i.e., d = 8.5°± 1.3°for the landslides investigated here. As a result, the friction coefficient is almost the same for all considered landslides. Furthermore the normalized runout as a function of the initial aspect ratio for each considered landslide lies on a similar trend also suggesting a common friction coefficient (Figure 12) .
[55] These simulations show that, the friction coefficients required to reproduce the long distances traveled by Martian landslides are much smaller than those expected for granular flows (∼30°). Such small friction coefficients for natural landslides compared to granular flows in laboratory have been reported for most terrestrial events [e.g., Pirulli and Mangeney, 2008; Kuo et al., 2009] . However, the difference in geological context as well as in the material involved between two terrestrial landslides made it difficult to assess V i are initial volumes, V f are final volumes. DV = (V f /V i − 1) × 100 is the balance in percent between V i and V f . Note that all DV from work by Quantin et al. [2004] are negative whereas others are positive.
b Boldfacing indicates the volume found with the scar geometry for which the simulation provides the best results compared to observations. the relevance of the friction coefficient as an indicator of the mean frictional dissipation during the flow, independently of the initial geometry and volume of the released mass.
[56] Only single-event landslides have been considered here (e.g., one event per scar is assumed), although multievent process has been proposed by former studies [Quantin et al., 2004; Bulmer and Zimmerman, 2005] . More than fifty examples are observed on Mars. Some of them a clearly multievents as they show overlap deposits. For some others, the question might be still open and subject of debate. Multiple events result in superimposed debris aprons whose crosscutting show upwell in both topography and morphology, for instance in eastern Ius Chasma. Debris apron superimposition is not observed in the studied cases, for example, Coprates clearly shows a single arrowhead apron indicative of a single event (see Figure 8 ). Because multievent case might have some effect on the friction angle needed in numerical simulations, multievent have been simulated by first releasing half of the mass, then releasing the second half once the first half stopped. It came out that (1) the observed deposits shape was not reproduced and (2) smaller friction angle is required in order to reach the observed runout. For example, Coprates needs a friction angle below 4.5°, which is roughly two times smaller than the value needed in the case of a single event.
[57] As a result, in any circumstance (e.g., single or multi event), Martian landslides show a very low dissipation compared to dry sand media. According to our results, a recent study based on discrete element modeling shown that reproducing the runout of another Martian landslide (also observed in Ganges Chasma) needs a null basal friction angle and an internal friction angle equal to 5° [Smart et al., 2010] .
[58] Such a small value of the dissipation in natural landslides is still largely debated and could result from various physical processes such as fluid content, fluidization, fracturing, granulometry, and perhaps other processes such as air cushioning, erosion effects, acoustic fluidization, and floor vibration induced by the mass spreading [e.g., Barkan, 1962; Melosh, 1979; Hungr and Evans, 2004; Davies and McSaveney, 1999; Buss and Heim, 1881; Sassa, 1985; Legros, 2002; Sassa, 1988; Abele, 1997; Roche et al., 2004 Roche et al., , 2011 Mangeney et al., 2007b Mangeney et al., , 2010 Mangeney, 2011] .
[59] Another explanation could be the presence of a weaker material at the base of the massif as previously proposed by Bigot-Cormier and Montgomery [2007] . Friction angles calculated in this study from maximum stable relief (based on the Culmann wedge model which is intensively used in geomorphological studies to empirically constrain the maximum unfailed height) are in a good agreement with those needed in the present simulations (8°< d < 10°). Moreover, this model could also explain the presence of Toreva blocks for Ganges and Coprates cases since such landslides are observed on Earth when "[…] a single large mass of unjostled material which, during descent, has undergone a backward rotation toward the parent cliff about horizontal axis […] such blocks have developed from cliffed sections of low-dipping strata in which one or more relatively coherent beds rest upon others which are either incoherent or capable of so becoming when wetted." [Reiche, 1937] . Detailed analysis of the landslide initiation process however requires using models able to deal with the complex evolution toward destabilization due to external forcing or material damaging [see, e.g., Deboeuf et al., 2005] .
[60] In addition, Coprates and Ganges cases need lower friction angle (see Table 1 ) and present also greater runout than other studied landslides. However, evidence for such weak materials is not obvious in Valles Marineris. Figure 12 . Normalized runout as a function of the initial aspect ratio (a = H i /L i ) for some large Martian landslides (see Table 1 ). Red triangles are landslides simulated in this study. The two landslides with a shifted trend are Coprates and Ganges landslides, which both have Toreva blocks.
Simulated Deposit and Scar Geometry
[61] As done in the theoretical tests, different morphologies of the initial scar (two for each landslide) are tested here to assess their effects on the simulated landslide deposit. Martian topography data provide constraints on the upper part of the scar geometry (e.g., the final deposit does not necessarily fully cover the scar). As a result, the degree of freedom for reconstructing the scar geometry are fewer for natural examples than for the theorical 3-D tests studied in section 3.2. Furthermore, the range of possible geometries varies from one example to another.
[62] As shown in Figures 13a and 13b , deep-seated geometries gives better results for both Coprates and Ius landslides.
[63] Ophir Chasma gives a very small degrees of freedom for scar geometry reconstruction due to the outcropping part of the failure. Only smoothed-scar type reconstructed geometries can match the upper visible part of the scar. For this reason, both geometries give very similar simulated shapes of the deposit (Figure 13c) . In both cases, the runout distance, the 3-D shape of the deposit and the overall mass distribution matches the observations well.
[64] Ganges Chasma provides limited constraints on the initial wallslope, because of the post-landslide back-wasting of the scar wall relative to that of other landslides in this study (Figure 8d ). The spoon-seated geometry results in a fan-shaped deposit, in good agreement with observations, and in contrast to arrow-shaped deposit that results from deepest-scar at Coprates Chasma (Figure 13d) .
[65] The difference in the simulated deposit shape obtained for different scar geometry is easier to observe for Coprates and Ganges landslides that were not affected during the flow by any obstacles or underlying previous deposits.
Volume Balance
[66] The volume of the initial released mass V i and the volume of the deposit V f including the Toreva block and Figures 3a-3c as reference for scar geometry.) debris aprons have been calculated for each landslide using the reconstructed DTM. Volume calculations are performed for the both scar geometries (Table 2) .
[67] Volume estimates of Coprates landslide have been previously calculated by Quantin et al. [2004] using linear interpolation between the edges of the scar and by Sato et al. [2007] through manual identification of the deposits followed by automatic interpolation using both bilinear and minimum curvature algorithms (see Table 2 ). These formers studies used the gridded data derived from MOLA shots (MEGDR) because this is more convenient. However, the grid provides interpolation of raw MOLA data points separated by huge areas where the topography is unknown, especially around the equator. Consequently, using the MOLA grid instead of the raw MOLA data points may lead major artifacts in the topography that are likely to affect the simulation results (a comparison between several interpolation algorithms from the PEDR products is provided in the auxiliary material).
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[68] For both the smooth and deep-seated scar geometry, the calculated final volume is similar to the volume found by Quantin et al. [2004] but is about the double of the values obtained by Sato et al. [2007] , probably in part because they did not take the Toreva block in the volume calculation into account. Furthermore, the DTM reconstruction procedure developed here does not produce the spurious oscillations that are observed in the DTM calculated by Sato et al. [2007] . These oscillations may generate minor errors in volume calculation as well.
[69] More importantly, the volume balance DV = V f − V i between the initial mass and the final deposit calculated here is positive, ranging from DV = 9% ± 10% for the Ius landslide to DV = 71% ± 10% for Ganges landslide. Examples with Toreva show a greater DV suggesting either less accuracy in reconstruction or a greater dilatancy in the flowing part of the deposit. Increase in volume from the initial to the final state is also reported by Sato et al. [2007] for the Coprates landslide, whereas negative volume change has been calculated by Quantin et al. [2004] (see Table 2 ). As this supposed decrease in volume has been interpreted as thermokarst by Quantin et al. [2004] , our calculation suggest, on the contrary, a dilation of the granular mass and/or presence of loose material on the canyon floor incorporated into the landslide. Such dilation is classically observed for terrestrial landslides as a result of rock fragmentation. Hungr [1981] reports typical values of volume increase ranging from 7%-40% close to the range of the volume change calculated here for Valles Marineris landslides. Similar values have also been measured experimentally on well-sorted crushed rock samples [Sherard et al., 1963] .
Landslide Seating Implications and Geological Context
[70] Numerical simulations suggests that despite an apparently similar geological context, i.e., the Valles Marineris rift, landsliding may have developed different scar geometries that could be related to different fault distributions and possibly different triggering mechanisms.
[71] As discussed in the previous section, the shapes of the deposits of the Coprates and Ius Chasma landslides are better reproduced if a deep-seated geometry of the initial scar is assumed whereas Ophir and Ganges are better reproduced using a spoon-seated scar geometry. Deepseated and spoon-seated geometries may result from different triggering and failure mechanisms.
[72] Deep-seated scar may result from gravitational slip along pre-existing faults dipping 50-60°, typically normal faults, while spoon-shaped scars are less steep and less likely to reactivate normal faults [Mège and Bourgeois, 2010] .
[73] In Coprates Chasma landsliding from reactivation of a normal fault is supported by evidence of scar development along an uphill-facing normal fault scarp near the top of the Coprates ridge. It may be speculated that seismic shaking along one of the uphill-facing faults located along the southern Coprates horst wall triggered the landslide, removing more than half the ridge topographic relief and generating fast-moving flow. The simulations performed here suggest maximum velocities in the order of ∼100 m.s
, which is in agreement with observations in Figure 9 . This scenario challenges an alternative interpretation of the Ganges landslide as a slow moving mass resulting from gravitational failure over millions of years [Bulmer and Zimmerman, 2005] .
[74] The range of scar geometries inferred from this study reflects a distinction that can be made between chasmata whose formation resulted from regional, crustal-scale extension by brittle tectonics, and chasmata in which the structural control is much weaker [see Peulvast et al., 2001] . The latter likely initiated as basins without any observable significant help from brittle tectonics, perhaps as large-scale collapse features [Adams et al., 2009] sometimes called ancestral basins [Schultz, 1998 ]. Ius and Coprates chasmata are tectonics-dominated chasmata [Schultz, 1991 [Schultz, , 1995 Peulvast and Masson, 1993; Mège and Masson, 1996; Peulvast et al., 2001] , whereas Ganges and Ophir chasma are typical examples of ancestral basins. This could explain the steep Ius and Coprates chasma landslide scar, controlled by regional normal faulting, and the gentle Ganges and Ophir sliding planes, less influenced by earlier brittle tectonic structures.
Conclusions
[75] Numerical simulation of theoretical granular flows and of real Martian landslides has been performed to assess the influence of the initial scar geometry on the landslide deposit and on the calculation of the released volume. Satellite data have been processed to construct Digital Topography Models used as inputs in granular flow modeling. Different initial scar geometries have been tested in both theoretical and real landslide simulations ranging from rounded conic shape to steep wall geometry.
[76] Numerical modeling shows that the runout distance is a very robust parameter that is only weakly influenced by the geometry of the initial scar. The errors in the definition of the scar geometry will generate an error of ∼1°on the friction angle obtained by back-analysis of the runout distance, justifying its extensive use to describe natural landslide dynamics and to calibrate numerical models. The thickness profile of the deposit in the main flow direction is also not very sensitive to the initial shape of the scar. On the contrary, the scar geometry strongly affects the lateral spreading and the overall shape of the deposit. Scars involving gentle conic lateral walls lead to rounded fanshaped deposits whereas scars involving steep lateral walls generate arrow-shape deposits. As a result, information on the shape of the initial scar, generally unknown in field application, can be recovered from the observation of the landslide deposit shape, provided that the flow is not confined by the surrounding topography. The increasing precision on scar geometries provided by our study should help constrain geomechanical models designed to deduce information on the material properties from the geometry of the failure zone. Such constraints on scar geometry can, with the aid of slope stability analyses, be used to constrain the destabilization processes and provide insight into the mechanical properties of the material involved, with significant implications for risk assessment. A second study will focus on the transition between static body to the spreading phase using geotechnical tools.
[77] Furthermore, by providing information on the geometry of the scar, the observation of the shape of the deposit can help constrain the initial volume involved in landsliding, a major ingredient in mass balance calculation, rather than relying on the estimated final deposits volume calculation as usually used for Martian landslides. All these results suggest a simple procedure for landslide numerical modeling: (1) infer information on scar geometry and initial released mass from deposit shape, (2) fit the friction coefficient to the runout distance.
[78] Surprisingly, Martian landslide deposits in Valles Marineris exhibit the same shapes as the simulated deposits obtained by varying the geometry of the initial scar (at least when the deposits are not affected by any obstacle, as for Coprates and Ganges landslides). While the deposit shape of the Coprates and Ius landslides indicate a deep-seated initial scar with steep slopes, implying a fault-controlled triggering mechanism, Ophir and Ganges Chasma landslides are better reproduced using a spoon-shaped, rounded initial scar, for which structural control is likely weaker or absent.
[79] Geological observations support these interpretations, since Ius and Candor chasmata are primarily horst-andgraben features whereas Ophir and Ganges chasmata are primarily ovoid basin features in which brittle structural control is weak. The surprising agreement between failure characteristics deduced from deposit extent and the local geological context shows that numerical modeling coupled with analysis of deposit extent helps retrieve information on the failure conditions.
[80] The more accurate volume calculation performed here suggests that whatever the uncertainty on the initial scar geometry, the volume of the deposit of Martian landslides is greater than the initial released volume. This challenges the previous conclusion of Quantin et al. [2004] that there was a decrease of volume between the initial and final state. The increase in volume calculated here and assumed to be related to dilatancy effects, is in the range of the volume increase measured on terrestrial landslides (DV = 10-40%) [Hungr and Evans, 2004] .
[81] Best fit of the observed runout distance has been obtained using almost the same friction angle d = 8.5°± 1.3°w hatever the considered landslide. As a result, the friction coefficient provides a measure of the empirical friction during landslide flow, independent of the released mass and the underlying topography. The small value of the friction angle compared to the friction angle typical of granular material suggests a smaller dissipation than that observed for dry granular flows in the laboratory that are well reproduced using numerical modeling with friction coefficient ranging from 25°to 35°[e.g., Iverson et al., 2004; MangeneyCastelnau et al., 2005; Mangeney et al., 2007a Mangeney et al., , 2007b Pudasaini and Hutter, 2007] . The observed small dissipation in natural landslides is often reported in the literature but its interpretation in terms of physical processes during emplacement is still an open issue.
Appendix A: The SHALTOP Model [82] Contrary to classical approaches, the thin layer model SHALTOP is written in a fixed cartesian reference frame with the shallowness approximation imposed in the direction perpendicular to the topography [see Bouchut et al., 2003; Bouchut and Westdickenberg, 2004; Mangeney-Castelnau et al., 2005; Mangeney et al., 2007a] . More specifically, the equations are derived in a horizontal/vertical fixed reference frame (x, y, z), as opposed to the equations developed by Hutter and co-workers in a variable reference frame linked to the topography (X, Y, Z). However, the shallowness assumption is still imposed in the local reference frame (X, Y, Z). Indeed, to satisfy the hydrostatic assumption for shallow flow over inclined topography, it is the acceleration normal to the topography that must be neglected compared to the gradient of the pressure normal to the topography. The rigorous asymptotic analysis makes it possible for the first time to account for the whole curvature tensor of the topography defined by
where the scalar function b(x, y) describes the 3-D topography. The 2-D horizontal coordinate vector is x = (x, y) 2 R 2 and the 3-D unit upward normal vector is where r x is the gradient of the topography in the horizontal plane, and c = cos, with the angle betweenñ and the vertical direction. Here the 3-D vectors are represented using an arrowÁ and the 2-D vectors using bold letters. The flow is described by h t; x ð Þ ! 0;
where h is the thickness of the material layer in the direction normal to the topography, and u′ = (u, u t ) (where the subscript t stands for transverse) is a parametrization of the velocity. The real 3-D material velocity has horizontal/ vertical components
This physical velocity is tangent to the topography, u ! ·ñ = 0, and can be expressed as a 2-D vector u = (u, v) in the (X, Y) plane. In 1-D, u′ is actually the real scalar velocity u in the plane tangent to the topography. For flow over an inclined plane with slope in the x-direction, the real physical velocity has coordinates in the (X, Y) plane given by u = (u, v) = (u, cu t ).
[83] In the horizontal Cartesian coordinate formulation, the model can be expressed as where r x is the gradient vector in the horizontal x, y plane and g acceleration due to gravity. The subscript + stands for the positive part, x + = max(0, x).
[84] For flow over an inclined plane, the equations reduce to
where f = (f x , f y ) is the friction force parallel to the inclined plane. Note that introducing the coordinate X in the inclined direction instead of x, i.e., X = x/c, gives c∂/∂ x = ∂/∂ X, and (9)-(11) can then be reduced to the classical Savage and Hutter equations. The transition between a static state (u = 0) and a flowing state, typical of granular material, is modeled by introducing a Coulomb threshold s c . The motion is allowed only if the norm of the driving forces kfk exceeds the Coulomb threshold ]. In the model (10)-(11), f is expressed as
where s c = gcm, where m = tand is the friction coefficient, d being the friction angle. When the material exceeds the Coulomb threshold, the Coulomb friction law states that when flowing, the friction force has a direction opposite to the averaged tangential velocity field and the amplitude of the friction force is governed by the total overall pressure and the friction coefficient m. h and the Froude number of the flow Fr = kuk/ ffiffiffiffiffi gh p , where kuk stands for the flow velocity, hereafter called Pouliquen flow rule [Pouliquen and Forterre, 2002] :
if Fr = 0
where d i , i = 1, 4 are characteristic friction angles of the material, L is a lengthscale that can be deduced from laboratory measurements and b = 0.136 is a dimensionless parameter. An empirical fit between the two expressions is Figure C1 . Identification of the deposit using thermal inertia on IR THEMIS data. (top) Daytime and (bottom) nighttime THEMIS IR images draped on HRSC DTM for Ius landslide deposits. The strong difference between the reflectance of the landslide deposit and of the surrounding floor makes it easier to define the deposit outline than on visible images.
used for 0 ≤ Fr ≤ b. More details on this flow law are given by Pouliquen and Forterre [2002] and by Mangeney et al.
[2007a] (section 3.2). Basically, in Pouliquen flow rule, the friction coefficient increases when the thickness h decreases and the velocity u increases.
[85] As the Pouliquen flow rule has been successful in reproducing experimental granular flows and some natural landslides [e.g., Pouliquen and Forterre, 2002; Mangeney et al., 2007a; Pirulli and Mangeney, 2008; Mangold et al., 2010] , its use in modeling of natural flows is difficult because of the high number of involved parameters. In contrast, the Coulomb friction law only involves one empirical parameter, the friction angle d.
[86] The numerical scheme is based on the work of Bouchut [2004] and is detailed by Mangeney-Castelnau et al. [2005] and Mangeney et al. [2007a] . It is a second order scheme that preserves the steady states as well as other requirements related to the resolution of hyperbolic equations. Recently, this code has been enhanced into MPI version allowing the user to perform a simulation with a huge space resolution. Taking advantage of computing facilities of IPGP, this new version SHALTOP MPI is able to simulate large Martian landslides (more than 1.10 6 grid nodes are used in the simulations). 
